A b s t r a c t
Introduction
Brain ischemia, which encompasses a variety of forms including stroke, global brain ischemia evoked by cardiac arrest and perinatal asphyxia [45, 69] , is one of the most frequent causes of death and permanent disability in developed countries [56] . The cellular and molecular mechanisms of ischemia-evoked brain damage have been well documented. They include NMDA receptor mediated excitotoxicity, cal-cium imbalance, oxidative stress and disturbed intracellular signaling [5, 14, 25, 50, 51] . These mechanisms appear to be promising targets for therapeutic interventions. For instance, preclinical studies demonstrated the neuroprotective potential of the NMDA receptor antagonists in in vitro and in vivo experimental models of brain ischemia [65] , but these effects have been overshadowed by numerous side effects of (+)MK-801 and other high-affinity NMDA receptor antagonists in animals and humans [26, 44, 66] . Moreover, none of glutamate receptor antagonists or other potential neuroprotective drugs have positively passed the clinical tests in stroke [9] . In consequence, treatment of stroke is limited to thrombolytic therapy combined with improved care for stroke survivors [7, 32] , while hypothermia has been introduced in treating the victims of perinatal asphyxia and cardiac arrest [20, 58] .
One of the novel therapeutic strategies in brain ischemia that are alternative to classical pharmacological neuroprotection is inducing brain tolerance to ischemia by its preconditioning with different stressors that are sublethal to neurons [33, 35, 38] (for a recent review see [73] ). These stressors may also be applied after the insult, and this promising therapeutic strategy is referred to as postconditioning [7, 19, 74] . Inducing brain tolerance to ischemia with pre-and postconditioning is still in the stage of preclinical tests or medical experiments. Several pathophysiological and mechanistic characteristics of this phenomenon have been revealed (for reviews see [13, 46] ). In particular the long list of preconditioning stressors includes hyperthermia, mild hypoxia and brief episodes of brain ischemia, as well as the application of different pharmacological compounds [13, 73] . The role of activation of NMDA receptors in the mechanisms of inducing neuronal tolerance to hypoxia, ischemia and glutamatergic over-excitation has been repeatedly suggested [22, 31, 59, 72] . These data seem to be consistent with the in vivo findings that (+)MK-801 inhibits ischemic preconditioning [6, 33] , although other data do not support these claims [15, 71] .
In addition to and independent of the possible role of NMDA receptor activation in the mechanisms of brain preconditioning, it has been demonstrated that even brief exposure of the primary cultures of hippocampal neurons to antagonists of NMDA receptors induces long lasting tolerance to excitotoxicity and to staurosporine-evoked apoptosis [64] . More recently we confirmed these data in cultured cerebellar granule cells (CGC) [36] . In addition, our recent unpublished data demonstrate that in CGC both (+)MK-801 and memantine induce tolerance to oxygen and glucose deprivation (OGD), which is an in vitro model of brain ischemia. This suggests that inducing brain tolerance to ischemia may be a new mechanism of neuroprotection extended by NMDA receptor antagonists. However, it is not clear whether the results of experiments on neuronal cultures in vitro apply to all forms of brain ischemia in vivo, in both adult and immature subjects. Also, one should keep in mind the side effects of NMDA antagonists, which may outweigh the putative benefits. In particular this concerns the well-known apoptosis-inducing effect of high-affinity NMDA receptor antagonists in the developing brain [28, 47] . Memantine is an NMDA receptor antagonist with low affinity, which has been approved in human medicine, particularly in the treatment of dementia in moderate-to-severe Alzheimer's disease [12, 39] . A recent study examining the effects of NMDA receptor antagonists on constitutive apoptosis in the brain of normal immature rats demonstrated relatively low neurotoxicity of memantine compared to (+)MK-801 [42] . How ever, it is not known how apoptosis would be affected in the developing brain by superposition of memantine or (+)MK-801 application, and brain ischemia, which also induces apoptosis.
The aim of the present study was to evaluate the ability of NMDA receptor antagonists to induce tolerance to ischemia in vivo in animal models, taking into account their side effects in the developing brain. We used two uncompetitive antagonists with different affinities to NMDA receptors -(+)MK-801 and memantine. Global forebrain ischemia was induced in adult Mongolian gerbils by bilateral carotid occlusion, whereas hypoxia-ischemia in 7-day-old rats was a model of perinatal asphyxia. The latter animals were used to assess the effects of the NMDA receptor antagonists on constitutive and ischemia-induced apoptosis.
Material and methods Animals
Male Mongolian gerbils (Meriones unguiculatus) and Wistar rats at postnatal day 7 (PND7) with their dams were bred in the Animal Colony of the Mossakowski Medical Research Centre, Polish Academy of Sciences in Warsaw. The animals were fed and water-ed ad libitum and kept on a 12 : 12 h dark-light cycle, at room temperature with constant humidity of approximately 60%. The experiments were conducted in conformity with the institutional guidelines, in compliance with the Polish governmental and the European Community regulations concerning experiments on animals. The Fourth Local Ethical Committee in Warsaw approved the procedures involving animals. All efforts were made to minimize animal suffering and the number of animals required.
Induction of global forebrain ischemia and evaluation of neuronal damage in gerbils
Mongolian gerbils aged 12-13 weeks, weighing about 60 g, were randomly assigned to experimental groups. Global ischemia was induced according to Duszczyk et al. [15] . The gerbils were anesthetized with 4% halothane in a gas mixture containing 30% O 2 and 70% N 2 O. Two minutes before the operation, halothane concentration was reduced to 2% and then maintained at this level during ischemia. The carotid arteries were isolated through an anterior midline cervical incision made after the injection of local anesthetics. Cerebral ischemia was induced by the occlusion of both common carotid arteries with miniature aneurismal clips for 3 min (test ischemia). Sham-operated animals were exposed to the surgery without carotid occlusion. During the surgery animals were kept on a heating pad set at 38°C. After wound closure, animals were kept at an ambient temperature of 21-24°C for 3-4 hours. Then the gerbils were moved to the animal house for 14 days. In this study, the mortality that could be associated with the experimental protocol was not observed.
Fourteen days after ischemia the animals were anesthetized with halothane and subjected to intracardiac perfusion fixation with 4% neutralized formalin solution. The brains were removed, immersed in 4% formalin solution for 1 week, transferred to absolute ethanol and embedded in paraffin. The 10 μm thick cross sections from the dorsal part of the hippocampus at the level of between 2.2 and 3.5 mm posterior to Bregma were stained with cresyl violet. For each animal at least 5 sections of the central part of CA1 in both hippocampi were analyzed using a light microscope set at × 400 magnification. The density of viable CA1 pyramidal neurons was quantified in ten 0.1 mm portions per section, and the average number of neurons is presented in Figure 1 .
Moreover, in sham-operated gerbils, submitted to 3 min forebrain ischemia and preconditioned with (+)MK-801 or memantine 24, 48, 72, or 96 hours before test ischemia the nest building behavior was evaluated as has been described previously [16] . Some of these animals were subsequently used for 24, 48, 72 or 96 hours before brain ischemia evoked by 3-minute-long bilateral carotid occlusion. Histological damage in the CA1 area of the gerbil hippocampus was assessed 14 days after the insult. Bars represent means ± SEM. Significant differences from the untreated ischemia were tested by ANOVA followed by Tukey's multiple comparison test. *p < 0.0001 vs. 3 min ischemia. Group size: sham n = 10; ischemia n = 9; (+)MK-801 each time group n = 10. the evaluation of neuronal damage. One day after surgery, a paper towel was placed in each cage. Nest building was assessed each day for 7 days following the ischemic episode. Paper shredding was scored on a 4-point scale adapted from Baldwin et al. [1] : 0 = none; 1 = pieces > 4 cm 2 ; 2 = pieces between 2 and 4 cm 2 ; 3 = pieces < 2 cm 2 ( Fig. 2) .
Induction of hypoxia-ischemia in PND7 rats and evaluation of brain damage Hypoxia-ischemia (HI) in neonatal rats was in duced according to Rice et al. [55] as had been described previously [41] . Wistar rat pups were anesthetized using halothane (4% for induction, and 1.5-2.0% for maintenance) in a mixture of nitrous oxide and oxygen (0.6 : 1). The left common carotid artery was dissected. After surgery, the pups were left to recover for 1 h. Then the litters were challenged for 75 min with a hypoxic gas mixture containing 7.3% oxygen in nitrogen. The pups were then returned to their dams and housed at environmental temperature (20°C), with a 12 : 12 h light-dark cycle with ample food and water. Fourteen days after the insult (at PND21) the rats were anesthetized with halothane and decapitated. The cerebral hemispheres were weighed and brain damage was assessed by the deficit in weight of the ipsilateral (left) hemisphere and expressed as a percentage of the weight of the contralateral hemisphere [41] (Fig. 3 ).
Hypoxic and pharmacological preconditioning
In newborn rats, a hypoxic preconditioning procedure was used as a positive control to pharmacological preconditioning (see below). 24, 48, 72 or 96 hours before hypoxia-ischemia the animals were submitted to hypoxia for 75 min with a hypoxic gas mixture containing 10. In these experiments (+)MK-801 was applied 48 hours and memantine 72 hours before hypoxia-ischemia. In other groups only ebselen or its vehicle was injected 72 h before hypoxia-ischemia. The total volume of injected fluid was 50 µl. Moreover, in some experiments the rats at PND7 were injected with NMDA receptor antagonists as described above, without following hypoxia-ischemia. After 14 days they were anesthetized with halothane and decapitated. The brains were removed, weighed and the results were compared to untreated control ( Fig. 8 ).
Histochemical analysis of immature rat brains
In order to evaluate the effects of pharmacological preconditioning with memantine or (+)MK-801 72 or 48 hours before hypoxia-ischemia, respectively, on ischemia-induced apoptosis, the animals treated as described above were sacrificed 24 or 48 hours after hypoxia-ischemia. In turn, rats that were designed to study the effect of NMDA receptor antagonists on constitutive apoptosis, at PND7 received an intraperitoneal injection of memantine or (+)MK-801 as described above and were sacrificed 24 or 48 hours later. The animals were deeply anesthetized using Nembutal (80 mg/kg b.w., i.p.) and perfused through the ascending aorta with 0.9% NaCl in 0.01 M sodium-potassium phosphate buffer pH 7.4 (PBS), followed by in situ perfusion-fixation with ice-cold fixatives applied under gravity. For the light microscopy 4% formaldehyde in 0.1 M phosphate buffer pH 7.4 was used as described previously [18] . Following perfusion, the brains were removed from 
Statistical methods
All studies apart from nest building scores were performed with at least 9 or 10 rats or gerbils per time point in each group. Data were expressed as mean ± SEM, and statistical analysis was performed by the ANOVA followed by post hoc Tukey's test. Nest building scores were presented as medians and tested by the Mann-Whitney U test. Significance refers to results for which p < 0.05 was obtained.
Results
Tolerance to global forebrain ischemia in adult Mongolian gerbils induced by preconditioning with NMDA receptor antagonists
In order to assess the ability of NMDA receptor antagonists to induce tolerance to brain ischemia in adult animals we used a gerbil model of global forebrain ischemia and evaluated the number of neurons in the hippocampal CA1 that survived 3-minute-long occlusion of the common carotid arteries. As presented in Figure 1A -B, 3-minute-long ischemia almost completely destroyed the pyramidal neurons. This effect remained unchanged after the injection of memantine 24, 48, 72 and 96 h before the insult (Fig. 1A) . (+)MK-801 injected 24 h before ischemia almost completely prevented neuronal damage in CA1; however, this neuroprotective effect disappeared with the extension of the interval between the pretreatment with (+)MK-801 and the induction of ischemia (Fig. 1B) . Figure 2 presents the nest building behavior score. These results demonstrate normal development of the nest building behavior in sham-operated animals, i.e. its immediate beginning and completion of the task after 4 days, while the animals submitted to 3-minute-long global forebrain ischemia showed a delay of two or three days in starting to build a nest, and this delay was maintained throughout the test ( Figs. 2A-B ). Preconditioning with memantine had no effect on the nest building behavior after ischemia ( Fig. 2A) . Also, the application of (+)MK-801 did not improve the disturbances in the nest building behavior score evoked by cerebral ischemia, although a tendency for unspecific modifications of the behavior was observed in these groups (Fig. 2B ).
Tolerance to hypoxia-ischemia in 7-day-old rats induced by preconditioning with NMDA receptor antagonists
In order to evaluate the effectiveness of brain to lerance against the ischemic insults that might be induced by the NMDA receptor antagonists in the immature animals we used hypoxia/ischemia in 7-day-old rats, which is an animal model of perinatal asphyxia. Like in the gerbil experiments, memantine or (+)MK-801 in single doses of 5 mg/kg and 3 mg/kg respectively, was injected into animals 24, 48, 72 or 96 hours prior to the insult. As a positive control hypoxic preconditioning was used. For this purpose 75-minute long episodes of normobaric hypoxia (10% O 2 in N 2 ) were applied at the same times as pharmacological preconditioning. The obtained results demonstrated that untreated hypoxia/ischemia induces a deficit in the weight of ipsilateral (ischemic) brain hemisphere of almost 40% compared to the contralateral (control) hemisphere (Fig. 3) . As presented in Figure 3A , preconditioning with one episode of hypoxia applied 24 h before the insult tended to exacerbate brain damage evoked by hypoxia-ischemia. However, treatment with hypoxia 48 h before hypoxia-ischemia resulted in a highly significant reduction of the weight deficit by 73.6%. Neuroprotection induced by hypoxic preconditioning and applied 72 h before hypoxia-ischemia remained at a similar level. Even 96 h after hypoxia, the neuroprotection was still significant as it remained at the level of 32.0% (Fig. 3A) . As in the case of hypoxic preconditioning, pretreatment with memantine was also ineffective when applied 24 h before hypoxia-ischemia (Fig. 3B) . Application of memantine 48 and 72 h before the insult significantly reduced the brain weight deficit by 23.9%, and 59.8%, respectively. A 96-hour-long delay in testing with hypoxia-ischemia significantly reduced neuroprotection; however, the reduction of the brain weight deficit remained statistically significant (Fig. 3B) . In turn, preconditioning with (+)MK-801 as early as 24 h before the insult resulted in a highly significant reduction of brain damage by about 80%, and neuroprotection remained at the same level even when the antagonist was applied 96 h before hypoxia-ischemia (Fig. 3C) .
To evaluate the role of oxidative stress in the in duction by NMDA receptor antagonists of brain tolerance to hypoxia-ischemia, ebselen, a free radical scavenger, was injected 30 minutes before the application of memantine or (+)MK-801. After this treatment, hypoxia-ischemia was induced when the maximal neuroprotection by memantine or (+)MK-801 was observed, i.e. with a delay of 72 h or 48 h, respectively (see Figs. 3B-C). As presented in Figure 4 , ebselen completely reversed the neuroprotection induced by preconditioning with memantine, while the neuroprotection evoked by preconditioning with (+)MK-801 was practically unaffected. The unexpected result of this study was that injection of ebselen 72 h before hypoxia-ischemia itself induced significant neuroprotection as it reduced the level of brain damage to the range observed after preconditioning with memantine (Fig. 4) .
Effects of preconditioning with NMDA receptor antagonists on hypoxia/ ischemia-induced apoptosis in brain of immature rats
In order to investigate the influence of NMDA receptor antagonists on apoptosis in the rat brain, evoked by hypoxia-ischemia, the animals were preconditioned 48 or 72 hours prior to hypoxia-ischemia with (+)MK-801 (3 mg/kg) or memantine (5 mg/kg), respectively. Then, the number of apoptotic neurons was assessed 24 or 48 hours after the insult. The re sults presented in Figure 5A and Figure 6 demonstrate that in a group of rats decapitated 24 or 48 hours after hypoxia-ischemia, the mean number of apoptotic cells per field of observation was 43.62 and 51.07, respectively. Preconditioning with memantine significantly reduced the number of apoptotic cells by 43.7% in the group studied 24 h after the insult and by 43.3% in the group studied 48 h after the insult. A similar effect was observed in the groups preconditioned with (+)MK-801, where the mean number of apoptotic cells was reduced by 53.14% and 54.1% in the groups studied 24 or 48 hours after hypoxia-ischemia, respectively.
Effects of preconditioning with NMDA receptor antagonists on constitutive apoptosis and brain weight of immature rats
As presented in Figure 5B and Figure 7 , a low level of constitutive apoptosis in a developing rat brain was observed. The mean number of apoptosis per field of observation was 0.20 in PND7 rats and 0.24 in PND8 rats. These numbers represent the corresponding controls to groups treated with memantine or (+)MK-801 48 h and 24 h earlier, respectively. A single injection of memantine increased the number of apoptotic cells up to 2.63 and 6.80 at 24 or 48 hours after the injection, respectively. Much more pronounced was the increase of the mean number of apoptotic cells per field of observation in brains of the rats that were preconditioned with (+)MK-801, which in the groups studied 24 or 48 hours after injection reached 12.18 and 25.32, respectively.
For a rough assessment of the impact of a single injection of memantine or (+)MK-801 into immature rats on brain development, we compared the brain weight of the animals in the control-, (+)MK-801-and memantine-treated groups. As presented in Figure 8 , injection of memantine (5 mg/kg) into 7-day-old rats did not interfere with brain weight at postnatal day 21, whereas a single injection of (+)MK-801 (3 mg/kg) resulted in a statistically significant reduction in brain weight by 11.87%.
Discussion
The results of this study demonstrate for the first time that a single administration of the NMDA receptor antagonist memantine or (+)MK-801 into immature rats induces in their brain in vivo a tolerance to hypoxia-ischemia lasting 48 to at least 96 hours. The free radical scavenger ebselen prevented memantine-induced neuroprotection. Moreover, pretreatment with memantine and (+)MK-801 reduced ischemia-evoked apoptosis in the immature rat brain. We attribute these effects to the phenomenon of brain preconditioning-induced tolerance against ischemia. In contrast to these findings, in the adult gerbil model of global forebrain ischemia, induction by memantine or (+)MK-801 of brain tolerance lasting longer than 24 h was not detected, which may suggest that only the early stages of the ontogenetic development of the brain may determine its susceptibility to preconditioning with the NMDA receptor antagonists. Our results also confirmed that application of (+)MK-801 significantly increases constitutive neuronal apoptosis in the developing brain, and demonstrated that such an effect of memantine, although noticeable, is less pronounced. We suggest the advisability of further studies on the possible use of memantine in the treatment of perinatal asphyxia.
In this work we utilized two distinct classical models of brain ischemia. Global forebrain ischemia in the adult Mongolian gerbils was induced by 3-minute-long bilateral occlusion of the carotid arteries [34] . The rat model of perinatal asphyxia consists of submitting PND7 rats to unilateral carotid ligation combined with normobaric hypoxia, as was initially introduced by Rice et al. [55] . We have previous experience in using them in studies concerning induced tolerance to brain ischemia by preconditioning or postconditioning with various stressors such as a sublethal short episode of ischemia or repeated hypobaric hypoxia [16, 17, 19] . In the gerbil model of global forebrain ischemia we used a simple and reliable method of counting the surviving neurons for the assessment of ischemia-induced loss of neurons in CA1 [16, 17] . Also, the methods of evaluating brain damage induced by hypoxia-ischemia by measuring weight deficit of the ischemic hemispheres and counting the apoptotic neurons in the immature rat brain have been proven in our previous studies [16] [17] [18] 30, 41] .
In these experiments, literature-based doses of (+)MK-801 and memantine were used. (+)MK-801 in a dose of 3 mg/kg has been previously shown to prevent neurodegeneration of CA1 pyramidal neurons in gerbils induced by bilateral carotid ligation [21] . Our previous studies demonstrated that (+)MK-801 at that dose failed to reduce the induction of brain tolerance by the ischemic preconditioning in gerbils [15] . It is known that (+)MK-801 in doses of 0.5-1 mg/kg is neuroprotective in the model of hypoxia-ischemia of PND7 rats [22, 61] . Dosing of memantine in this study in relation to its therapeutic use in practical medicine requires additional comment. Memantine from 10 mg twice daily up to 28 mg once daily has been recommended for the treatment of moderate to severe Alzheimer's disease [3] . Since memantine metabolism in rodents is known to highly exceed that of humans [4, 49] , the relatively high dose of memantine (5 mg/kg) that was used in our study for gerbils and immature rats has been recommended as pharmacologically relevant and equivalent of the therapeutic dose of memantine in Alzheimer's disease therapy [24] . It should be noted that the doses of (+)MK-801 and memantine applied in this study are not comparable in terms of levels of the NMDA receptor blockade. Based on the affinity for the NMDA receptor and behavioral outcomes, and on the estimated concentrations of these substances in brain, a dose of (+)MK-801 corresponding to a 5 mg/kg dose of memantine would be 0.01-0.02 mg/kg [70] . Therefore some differences observed in this study which will be discussed below could result from using not equivalent doses, not only from qualitative differences between these two agents. However, these differences are intentional. We used in this work a high dose of (+)MK-801 to determine the maximum level of neuroprotection induced by preconditioning with the NMDA receptor antagonists.
For the purposes of discussion, the results of this study concerning the induction of tolerance to ischemia by administration of NMDA receptor antagonists have been divided into two groups. One of them demonstrated that both (+)MK-801 and memantine applied 48, 76 and 92 h before test ischemia induce neuroprotection in the immature rats, but not in adult gerbils. The other set of data indicates that pretreatment of the adult gerbil and the rat pups with (+)MK-801, but not with memantine, 24 h before the ischemic insults, results in significant neuroprotection. We interpret differently these two groups of results. Then, we will discuss separately the results concerning the interference of NMDA receptor antagonists with ischemia-induced and constitutive apoptosis in the immature rat brain.
Preconditioning of the rat pups with a single episode of normobaric hypoxia was used in our study as a positive control for induced tolerance to hypoxia-ischemia. Other researchers who have also used preconditioning of immature rats with hypoxia observed protection against hypoxia-ischemia as early as after 24 h and within the next few days [60, 67] . Interestingly, our data demonstrated neuroprotection, provided that preconditioning with hypoxia was applied 48, 72 or 96 h, but not 24 h, before the insult (Fig. 3A) . Further studies are needed Two weeks later rats were decapitated, and brains were removed and weighed. Bars represent means ± SEM (group size: n ≥ 5 rats per time point in each group). Significant differences from the untreated rats were tested by ANOVA followed by Tukey's multiple comparison test. *p < 0.05 vs. untreated. to determine the cause of these discrepancies with the previously published literature. Nevertheless, we consider the observed pattern of development of tolerance induced by preconditioning carried out in infant rats with hypoxia as the characteristic feature of our experimental model of preconditioning. Our present data consistently showed that also memantine applied 48, 72 and 96 hours, but not 24 hours, before the insult induced neuroprotection (Fig. 3B) . Also, pretreatment with (+)MK-801 2, 3 and 4 days before the insult resulted in robust protection of the immature rat brain (Fig. 3C) . Consequently, we ascribe these neuroprotective effects of pretreatment of the rat pups with the NMDA receptor antagonists to the common mechanism of preconditioning and induction of tolerance to hypoxia-ischemia. Indeed, this phenomenon meets the criteria of delayed preconditioning, in which a lag between the preconditioning stimulus and development of tolerance is necessary to induce synthesis of proteins involved in neuroprotection [2, 8, 13, 52] . Tremblay et al. [64] in their pioneering in vitro study demonstrated that administration of the protein synthesis inhibitor during the first few hours after preconditioning with (+)MK-801 prevented induction of tolerance in the primary cultures of the rat cortical neurons. The other characteristic feature of preconditioning inducing delayed tolerance against brain ischemia is the involvement of oxidative stress in triggering the neuroprotective mechanisms [52] . Consistently with that, in our experiments the free radical scavenger ebselen administered to the rat pups 30 minutes before preconditioning with memantine reversed brain tolerance to hypoxia-ischemia (Fig. 4) .
Resistance of the preconditioning with (+)MK-801 to the inhibition by ebselen may result from very high stress which the brain is submitted to by tonic (+)MK-801-evoked inhibition of the NMDA receptors, which could not be reversed by a single injection of ebselen.
In agreement with our previous data [15] using the gerbil model of global forebrain ischemia, in the present study robust damage to the hippocampal CA1 pyramids 14 days after 3-minute-long ischemia was observed. In contrast to the aforementioned data from the rat model of perinatal asphyxia, our results demonstrated that application of (+)MK-801 or memantine to gerbils 48, 72 and 96 h before ischemia does not induce morphological or behavioral neuroprotection (Figs. 1 and 2 ). Based on these results, we assume that under the conditions of this study NMDA receptor antagonists do not induce long-lasting ischemic tolerance of the hippocampal neurons in adult gerbils. It is tempting to generalize these results and to argue that resistance to preconditioning with the NMDA receptor antagonists is the characteristic feature of adult animals or of the model of global brain ischemia. However, further studies are needed to test these and other alternative explanations, including the one suggesting that a very high level of neuronal loss after 3-minute-long ischemia, which was observed in our present experiments, precluded any neuroprotective effect of tolerance.
Another interesting result obtained from the experiments in which we tested the potential of (+)MK-801 to induce tolerance of the gerbils and immature rats against the ischemic insult is the occurrence of neuroprotection when (+)MK-801, but not memantine, was applied 24 h before the insult (Figs. 1 and 3) . We do not attribute that phenomenon to the tolerance to ischemia induced by preconditioning because such early and transitory neuroprotection does not correspond to the characteristics of delayed preconditioning after which tolerance to ischemia persists for several days [13] . Instead, we interpret this effect observed in gerbils and the neuroprotection obtained with (+)MK-801 (but not with memantine) administered to PND7 rats 24 h before hypoxia-ischemia (Fig. 3C) as the effect of persistent presence of (+)MK-801 in the brain and its direct inhibition of the NMDA receptors during ischemia. (+)MK-801 is known to block the channel of NMDARs for a long time even after its washing out from the extracellular space [54] . Although the time required for 50% elimination (T 1/2 ) of (+)MK-801 in the brain of rats has been evaluated to be at the level of 2 hours [68] , behavioral studies of Lysko et al. [40] demonstrated prolonged effects of a single injection into Mongolian gerbils of 3 mg/kg (+)MK-801, pointing to the physical presence of this inhibitor in brain. In their studies, the hypothermic response was maintained at a maximal level for at least 24 hours. Moreover, the recovery of motor functions from severe ataxia was slow, and the time required for 50% recovery (T 1/2 ) of 11 hours was found [40] . Although we do not have information from the literature on the (+)MK-801 elimination half-life in the developing rat brain, Schwartz and Westerlain [57] demonstrated that the kinetics of (+)MK-801 accumulation in the PND7 rat brain does not differ significantly from that of an adult rat [68] , which may suggest that its elimination from the brain is also similar. Both direct inhibition of NMDA receptors, which are involved in brain injury caused by ischemia [62] , and prolonged hypothermia in (+)MK-801-treated animals [11] may be responsible for neuroprotection. In addition, our present results obtained in the gerbil model of global brain ischemia demonstrate that (+)MK-801, which persists for a long time in the brain and induces by itself a delayed tolerance to ischemia, is not a good tool to study the participation of NMDA receptors in the mechanisms of brain ischemic preconditioning (compare [6, 15, 33, 71] ).
Our promising results, showing for the first time that in vivo in the developing rat brain preconditioning with (+)MK-801 induces tolerance to hypoxia-ischemia, have been overshadowed by the induction by this high-affinity NMDA receptor antagonist of constitutive apoptosis (Fig. 5A ). This phenomenon has been previously demonstrated [27, 47] . On the other hand, data from both in vitro and in vivo studies indicate that memantine by itself does not induce massive constitutive apoptosis in a developmentally relevant model of primary neuronal cultures [29] or in the brain of control, otherwise untreated rat pups [42] . Our present results showed that although the effectiveness of memantine applied at a therapeutic dose of 5 mg/kg in inducing constitutive apoptosis is approximately 3.5 to 5 times lower than that of (+)MK-801 (3 mg/kg), it is still considerable (Fig. 5A) . The key issue was how the preconditioning with (+)MK-801 and memantine affects apoptosis induced by hypoxia-ischemia in the developing rat brain. Our present results (Fig. 5B) demonstrate that preconditioning of the immature rats with (+)MK-801 and memantine significantly and with approximately the same potency reduces ischemia-induced apoptosis in the brains of these animals. The previous studies demonstrated neuroprotection, inhibition of caspases and decrease in the number of apoptotic neurons with DNA fragmentation in the brain of immature rats treated with (+)MK-801 or memantine during or immediately after hypoxia-ischemia [37, 53] . However, ours is the first report demonstrating the antiapoptotic potential of preconditioning of the immature rats with (+)MK-801 or memantine. These results are consistent with the in vitro findings of Tremblay et al. [64] that preconditioning of the primary cortical neurons with (+)MK-801 prevents staurosporine-induced apoptosis.
Due to the very well-known side effects of (+)MK-801 treatment, particularly its toxicity in the developing brain, our data presenting neuroprotective effects of preconditioning with (+)MK-801 via the induction of tolerance against ischemia are of purely cognitive significance. However, the results of our study concerning the effects of memantine may have potential practical value. Memantine administered in a therapeutic dose appeared to be equally effective as (+)MK-801 in preventing apoptosis induced by hypoxia-ischemia in the developing rat brain, being a several times weaker inducer of constitutive apoptosis. In contrast to Manning et al. [42] , who assumed that memantine exhibits relative safety, we observed some hazardous effects of its use in neonatal rats. Memantine is widely used in adults for the treatment of dementia, particularly of the Alzheimer's type [49] , and its safety has been demonstrated [63] . There have also been clinical tests evaluating the therapeutic potential of memantine in children diagnosed with developmental disorders including autism [10, 48] . It appeared protective in the treatment of periventricular leukomalacia in a rat model [43] and neuroprotective in hypoxia-ischemia in PND7 rats [37] . Our present study presented a novel strategy in the therapeutic use of memantine to induce tolerance to ischemia in the developing brain. Although preconditioning may be of limited utility, there are indications that induction of tolerance to brain ischemia by postconditioning may also be an effective way of neuroprotection, as this phenomenon probably uses mechanisms of induction and expression similar to preconditioning (for a review see [13] ).
In conclusion, this study demonstrates for the first time that a single injection of memantine in a therapeutic dose of 5 mg/kg or of (+)MK-801 in a high dose of 3 mg/kg induces tolerance to hypoxia-ischemia in neonatal rats, which persists for 48-96 hours and is similar to the neuroprotective effects of preconditioning with normobaric mild hypoxia. We ascribe this effect to the phenomenon of delayed preconditioning and we differentiate it from the direct neuroprotective action of (+)MK-801 which may persist for up to 24 hours after injection. However, we did not find delayed tolerance against global forebrain ischemia after injecting these NMDA receptor antagonist into Mongolian gerbils. The neuroprotective effect of pre-treatment of the rat pups with memantine may be reversed by application of the free radical scavenger ebselen, which is in accordance with the role of preconditioning in that process. Thus, our data demonstrate that neuroprotection of the developing brain with NMDA receptor antagonists may be achieved under two different routes: by direct inhibition of these receptors during and just after the insult, or by pharmacological preconditioning and gaining induced delayed tolerance to ischemia. Moreover, we evaluated the toxicity of (+)MK-801 and memantine in the developing rat brain. Our data confirmed previous information on the significant potentiation by (+)MK-801 of constitutive apoptosis, while such an effect of memantine was considerably less pronounced. However, both (+)MK-801 and memantine equally inhibited apoptosis induced by ischemia. This indicates that memantine may be considered as a promising candidate for further studies on brain protection in perinatal asphyxia.
